We have developed a new extended replica exchange method to study thermodynamics of a system in the presence of external force. Our idea is based on the exchange between different force replicas to accelerate the equilibrium process. This new approach was applied to obtain the force-temperature phase diagram and other thermodynamical quantities of the three-domain ubiquitin. Using the C α -Go model and the Langevin dynamics, we have shown that the refolding pathways of single ubiquitin depend on which terminus is fixed. If the N-end is fixed then the folding pathways are different compared to the case when both termini are free, but fixing the C-terminal does not change them. Surprisingly, we have found that the anchoring terminal does not affect the pathways of individual secondary structures of three-domain ubiquitin, indicating the important role of the multi-domain construction. Therefore, force-clamp experiments, in which one end of a protein is kept fixed, can probe the refolding pathways of a single free-end ubiquitin if one uses either the poly-ubiquitin or a single domain with the C-terminus anchored. However, it is shown that anchoring one end does not affect refolding pathways of the titin domain I27, and the force-clamp spectroscopy is always capable to predict folding sequencing of this protein. We have obtained the reasonable estimate for unfolding barrier of ubiqutin,using the microscopic theory for the dependence of unfolding time on the external force. The linkage between residue Lys48 and the C-terminal of ubiquitin is found to have the dramatic effect on the location of the transition state along the end-to-end distance reaction coordinate, but the multi-domain construction leaves the transition state almost unchanged. We have found that the maximum force in the force-extension profile from constant velocity force pulling simulations depends on temperature nonlinearly. However, for some narrow temperature interval this dependence becomes linear, as have been observed in recent experiments.
I. INTRODUCTION
might be remedied using the standard replica exchange method in the temperature space in the absence of external force [22] [23] [24] as well as in the presence of it [25] . However, if one wants to construct the force-temperature phase diagram, then this approach becomes inconvenient because one has to collect data at different values of forces. Moreover, the external force increases unfolding barriers and a system may get trapped in some local minima. In order to have better sampling for a system subject to external force we propose a new replica exchange method in which the exchange is carried not in the temperature space but in the force space, i.e. the exchange between different force values. This procedure would help the system to escape from local minima efficiently.
In this paper we address three topics. First, we develop a new version of the replica exchange method to study thermodynamics of a large system under the force. The basic idea is that for a given temperature we perform simulation at different values of force and the exchange between them is carried out according to the Metropolis rule. This new approach has been employed to obtain the force-temperature phase diagram of the three-domain ubiquitin. Within our choice of force replicas it speeds up computation about four times compared to the conventional simulation. Second, question we ask is under what conditions the force-clamp technique still gives the same folding pathways as for the free-end Ub. Third, we determine the temperature dependence of the unfolding force, the unfolding barriers and the location of the transition state of the single Ub and of the three-domain Ub (the threedomain Ub will be also referred to as trimer).
Because the study of refolding of 76-residue Ub by all-atom simulations is beyond present computational facilities, the Go modeling is an appropriate choice. The Go-like model [26] was proved [14, 27] to give not only qualitative but also quasi-quantitative agreement with existing refolding and unfolding experiments. Therefore we will use it to study the folding and unfolding of a single and multi-domain Ub. In agreement with an earlier study [21] , we show that fixing N-terminal of the single Ub changes its folding pathways. Our new finding is that anchoring C-terminal leaves them unchanged. More importantly, we have found that for the three-domain Ub with either end fixed, each domain follows the same folding pathways as for the free-end single domain. Therefore, to probe the folding pathways of Ub by the force-clamp technique one can either use the single domain with C-terminal fixed, or several domains with either end fixed. In order to check if the effect of fixing one terminus is valid for other proteins, we have studied the titin domain I27. It turns out that the fixation of one end of a polypeptide chain does not change the refolding pathways of I27.
Therefore the force-clamp can always predict the refolding pathways of the single as well as multi-domain I27. Our study suggests that the effect of the end fixation is not universal for all proteins, and the force-clamp spectroscopy should be applied with caution.
The third part of this paper was inspired by the recent pulling experiments of Yang et al. [28] . Performing the experiments in the temperature interval between 278 and 318 K, they found that the unfolding force (maximum force in the force-extension profile), f u , of Ub depends on temperature linearly. In addition, the corresponding slopes of the linear behavior have been found to be independent of pulling velocities. An interesting question that arises is if the linear dependence of f u on T is valid for this particular region, or it holds for the whole temperature interval. Using the same Go model [26] , we can reproduce the experimental results of Yang et al. [28] on the quasi-quantitative level. More importantly, we have shown that for the entire temperature interval the dependence is not linear, because a protein is not an entropic spring in the temperature regime studied.
As a part of the third topic, we have studied the effect of multi-domain construction and linkage on the location of the transition state along the end-to-end distance reaction coordinate, x u . It is found that the multi-domain construction has a minor effect on x u but, in agreement with the experiments [15] , the Lys48-C linkage has the strong effect on it.
Using the microscopic theory for unfolding dynamics [29] , we have determined the unfolding barrier for Ub.
To summarize, in this article we have obtained the following novel results. We have proposed a new replica exchange method, in which the exchange is carried out between different external forces at a given temperature. It is shown that the force-clamp technique probes the same folding pathways as the free-end Ub, if one keeps the C-terminal fixed or uses the multi-domain Ub with what ever terminal anchored. Contrary to the α/β-protein ubiquitin, anchoring one end has a minor effect on refolding pathways of the titin domain I27. We attribute this to its β-sandwich structure, which is mechanically more stable. If
Ub is pulled at Lys48 and C then, in the Bell approximation, we obtained the parameter x u ≈ 0.61 nm. This estimate agrees well with the experimental result of Fernandez group [15] . We propose to fit simulation data with different theoretical schemes to determine the distance between the transition state and the native state, x u , for biomolecules. Our estimate for unfolding barrier of Ub is in reasonable agreement with the experiments. It has been demonstrated that the temperature dependence of the unfolding force is linear for some narrow interval, but that this dependence should be nonlinear in general.
II. MODEL
Three-domain model of ubiquitin. Since the native conformation of poly-ubiquitin is not available yet, we have to construct it for Go modeling. The native conformation of single Ub, which has five β-strands (S1 -S5) and one helix (A), was taken from the PDB (PI: 1ubq, Fig. 1a ). We assume that residues i and j are in native contact if r 0ij is less than a cutoff distance d c taken to be d c = 6.5Å, where r 0ij is the distance between the residues in the native conformation. Then the single Ub has 99 native contacts. We constructed the three-domain Ub (Fig. 1b) by translating one unit by the distance a = 3.82Å along the end-to-end vector, and slightly rotating it to have 9 inter-domain contacts (about 10% of the intra-domain contacts).
The Go-like modeling. The energy of the Go-like model for the single as well as multidomain Ub is as follows [26] 
Here ∆φ i = φ i − φ 0i , r i,i+1 is the distance between beads i and i + 1, θ i is the bond angle between bonds (i − 1) and i, φ i is the dihedral angle around the ith bond and r ij is the distance between the ith and jth residues. Subscripts "0", "NC" and "NNC" refer to the native conformation, native contacts and non-native contacts, respectively.
The first harmonic term in Eq. (1) accounts for chain connectivity and the second term represents the bond angle potential. The potential for the dihedral angle degrees of freedom is given by the third term in Eq. (1) . The interaction energy between residues that are separated by at least 3 beads is given by 10-12 Lennard-Jones potential. A soft sphere repulsive potential (the fourth term in Eq. 1) disfavors the formation of non-native contacts.
We choose
φ = ǫ H , and K (3) φ = 0.5ǫ H , where ǫ H is the characteristic hydrogen bond energy and C = 4Å.
Since for the trimer T F = 0.64ǫ H /k B (see below), which is very close to T F = 0.67ǫ H /k B obtained for the single Ub by the same model [14] , we will use the same energy unit ǫ H = 4.1 kJ/mol as in our previous work. This unit was obtained by equating the simulated value of T F to the experimental T F = 332.5K [30] . The force unit is then [f ] = ǫ H /Å = 68.0 pN.
Most of our simulations were performed at temperature T = 285 K = 0.53ǫ H /k B .
The dynamics of the system is obtained by integrating the following Langevin equation [31, 32] 
where m is the mass of a bead, ζ is the friction coefficient,
It should be noted that the folding thermodynamics does not depend on the enviroment viscosity (or on ζ) but the folding kinetics depends on it. Most of our simulations (if not stated otherwise) were performed
, where the folding is fast. Here
equations of motion were integrated using the velocity form of the Verlet algorithm [33] with the time step ∆t = 0.005τ L . In order to check the robustness of our predictions for refolding pathways, limited computations were carried out for the friction ζ = 50
believed to correspond to the viscosity of water [34] ). In this overdamped limit we use the Euler method for integration and the time step ∆t = 0.1τ L .
In the constant force simulations, we add an energy − f . R to the total energy of the system (Eq. 1), where R is the end-to-end distance and f is the force applied to the both termini or to one of them. We define the unfolding time, τ U , as the average of first passage times to reach a rod conformation. Different trajectories start from the same native conformation but, with different random number seeds. In order to get the reasonable estimate for τ U , for each value of f we have generated 30 -50 trajectories.
In order to probe folding pathways, for i-th trajectory we introduce the progressive vari-
U is the unfolding time [14] . Then one can average the fraction of native contacts over many trajectories in a unique time window 0 ≤ δ i ≤ 1 and monitor the folding sequencing with the help of the progressive variable δ.
In the constant velocity force simulation, we fix the N-terminal and pull the C-terminal by force f = K r (νt − r), where r is the displacement of the pulled atom from its original position [35] and the spring constant K r is set to be the same as in Eq. (1). The pulling direction was chosen along the vector from fixed atom to pulled atom. The pulling speeds are set equal ν = 3.6 × 10 7 nm/s and 4.55 ×10 8 nm/s which are about 5 -6 orders of magnitude faster than those used in experiments [28] .
III. NEW FORCE REPLICA EXCHANGE METHOD AND ITS APPLICATION
A. Force replica exchange method
The equilibration of long peptides at low temperatures is a computationally expensive job. In order to speed up computation of thermodynamic quantities we extend the standard replica exchange method (with replicas at different temperatues) developed for spin [22] and peptide systems [23] to the case when the replica exchange is performed between states
with different values of the external force {f i }. Suppose for a given temperature we have M replicas {x i , f i }, where {x i } denotes coordinates and velocities of residues. Then the statistical sum of the extended ensemble is
The total distribution function has the following form
For a Markov process the detailed balance condition reads as:
where
and Eq. 5 we obtain
This gives us the following Metropolis rule for accepting or rejecting the exchange between replicas f n and f m :
B. Application of the force replica exchange method to construction of the temperature-force phase diagram of three-domain ubiquitin
Since the three-domain Ub is rather long peptide (228 residues), we apply the replica exchange method to obtain its temperature-force phase diagram. We have performed two sets of the RE simulations. In the first set we fixed f = 0 and the RE is carried out in the standard temperature replica space [23] , where 12 values of T were chosen in the interval [0.46, 0.82] in such a way that the RE acceptance ratio was 15-33%. This procedure speeds up the equilibration of our system nearly ten-fold compared to the standard computation without the use of RE.
In the second set, the RE simulation was performed in the force replica space at T = 0.53 using the Metropolis rule given by Eq. 9. We have also used 12 replicas with different values of f in the interval 0 ≤ f ≤ 0.6 to get the acceptance ratio about 12%. Even for this modest acceptance rate our new RE scheme accelerates the equilibration of the three-domain ubiquitin about four-fold. One can expect better performance by increasing the number of replicas. However, within our computational facilities we were restricted to parallel runs on 12 processors for 12 replicas. The system was equilibrated during first 10 5 τ L , after which histograms for the energy, the native contacts and end-to-end distances were collected for 4×10 5 τ L . For each replica, we have generated 25 independent trajectories for thermal averaging. Using the data from two sets of the RE simulations and the extended reweighting technique [36] in the temperature and force space [37] we obtained the T − f phase diagram and the thermodynamic quantities of the trimer.
The T − f phase diagram ( Fig. 2a ) was obtained by monitoring the probability of being in the native state, f N , as a function of T and f , where f N is defined as an averaged fraction of native contacts (see Ref.
14 for more details). The folding-unfolding transition (the yellow region) is sharp in the low temperature region, but it becomes less cooperative (the fuzzy transition region is wider) as T increases. The folding temperature in the absence of force (peak of C v or df N /dT in Fig. 2b ) is equal T F = 0.64ǫ H /k B which is a bit lower than T F = 0.67ǫ H /k B of the single Ub [14] . This reflects the fact the folding of the trimer is less cooperative compared to the monomer due to a small number of native contacts between domains. One can ascertain this by calculating the cooperativity index, Ω c [38, 39] for the denaturation transition. ¿From simulation data for df N /dT presented in Fig. 2b , we
obtain Ω c ≈ 40 which is indeed lower than Ω c ≈ 57 for the single Ub [14] obtained by the same Go model. According to our previous estimate [14] , the experimental value Ω c ≈ 384 is considerably higher than the Go value. The underestimation of Ω c is not only a shortcoming of the off-lattice Go model [40] but also a common problem of much more sophisticated force fields in all-atom models [24] . Rigid lattice models with side chains give better results for the cooperativity [40, 41] but they are less realistic than the off-lattice ones. Although the present Go model does not provide the realistic estimate for cooperativity, it still mimics the experimental fact, that folding of a multi-domain protein remains cooperative observed for not only Ub but also other proteins. ing/unfolding barrier is rather low (≈ 1 kcal/mol), and is comparable with the case of single ubiquitin [14] . The low barrier is probably an artifact of the simple Go modeling. The double minimum structure suggests that the trimer is a two-state folder.
IV. CAN THE FORCE-CLAMP TECHNIQUE PROBE REFOLDING PATHWAYS OF PROTEINS?
A. Refolding pathways of single ubiquitin
In order to study refolding under small quenched force we follow the same protocol as in the experiments [20] . First, a large force (≈ 130 pN) is applied to both termini to prepare the initial stretched conformations. This force is then released, but a weak quench force, f q , is applied to study the refolding process. The refolding of a single Ub was studied [14, 21] in the presence or absence of the quench force. Fixing the N-terminal was found to change the refolding pathways of the free-end Ub [21] , but the effect of anchoring the C-terminal has not been studied yet. Here we study this problem in detail, monitoring the time dependence of native contacts of secondary structures (Fig. 3) . Since the quench force increases the folding time but leaves the folding pathways unchanged, we present only the results for f q = 0 (Fig. 3) . Interestingly, the fixed C-terminal and free-end cases have the identical folding sequencing
This is reverse of the unfolding pathway under thermal fluctuations [14] . As discussed in detail by Li et al. [14] , Eq. (10) partially agrees with the folding [6] and unfolding [10] experiments, and simulations [8, 9, 42] . Our new finding here is that keeping the C-terminal fixed does not change the folding pathways. One should keep in mind that the dominant pathway given by Eq. 10 is valid in the statistical sense. It occurs in about 52% and 58%
of events for the free end and C-anchored cases (Fig. 3d) , respectively. The probability of observing an alternate pathway (S2 → S4 → A → S3 → S1 → S5) is ≈ 44 % and 36 % for these two cases (Fig. 3d) . The difference between these two pathways is only in sequencing of S1 and S3. Other pathways, denoted in green, are also possible but they are rather minor.
In the case when the N-terminal is fixed (Fig. 3) we have the following sequencing
which is, in agreement with Ref. 21 , different from the free-end case. We present folding pathways as the sequencing of secondary structures, making comparison with experiments easier than an approach based on the time evolution of individual contacts [21] . The main pathway (Eq. 11) occurs in ≈ 68 % of events (Fig. 3d) , while the competing sequencing S4 → S2 → A → S1 → (S1, S5) (28 %) and other minor pathways are also possible. ¿From Eq. 10 and 11 it follows that the force-clamp technique can probe the folding pathways of Ub if one anchores the C-terminal but not the N-one.
In order to check the robustness of our prediction for refolding pathways (Eqs. 10 and case, the pathways remain the same. Thus, within the framework of Go modeling, the effect of the N-terminus fixation on refolding pathways of Ub is not an artifact of fast dynamics, occuring for both large and small friction. It would be very interesting to verify our prediction using more sophisticated models. This question is left for future studies.
B. Refolding pathways of three-domain ubiquitin
The time dependence of the total number of native contacts, Q, R and the gyration radius, R g , is presented in Fig. 4 for the trimer. The folding time τ f ≈ 553 ns and 936 ns for the free end and N-fixed cases, respectively. The fact that anchoring one end slows down refolding by a factor of nearly 2 implies that diffusion-collision processes [43] play an important role in the Ub folding. Namely, as follows from the diffusion-collision model, the time required for formation contacts is inversely proportional to the diffusion coefficient, D, of a pair of spherical units. If one of them is idle, D is halved and the time needed to form contacts increases accordingly. The similar effect for unfolding was observed in our recent work [14] .
¿From the bi-exponential fitting, we obtain two time scales for collapsing (τ 1 ) and compaction (τ 2 ) where τ 1 < τ 2 . For R, e.g., τ Monitoring the time evolution of the end-to-end extension and of the number of native contacts, one can show (results not shown) that the refolding of the trimer is staircase-like as observed in the simulations [14, 44] and the experiments [20] . Interestingly, they are the same, as given by Eq. 10, regardless of we keep one end fixed or not. As evident from Fig. 6 , although the dominant pathway is the same for three cases its probabilities are different. It is equal 68%, 44% and 43% for the C-fixed, free-end and N-fixed cases, respectively. For the last two cases, the competing pathway S 2 → S 4 → A → S 3 → S 1 → S 5 has a reasonably high probability of ≈ 40%.
The irrelevance of one-end fixation for refolding pathways of a multi-domain Ub may be understood as follows. Recall that applying the low quenched force to both termini does not change folding pathways of single Ub [14] . So in the three-domain case, with the N-end of the first domain fixed, both termini of the first and second domains are effectively subjected to external force, and their pathways should remain the same as in the free-end case. The N-terminal of the third domain is tethered to the second domain but this would have much weaker effect compared to the case when it is anchored to a surface. Thus this unit has almost free ends and its pathways remain unchanged. Overall, the "boundary" effect gets weaker as the number of domains becomes bigger. In order to check this argument, we have performed simulations for the two-domain Ub. It turns out that the sequencing is roughly the same as in Fig. 5 , but the common tendency is less pronounced (results not shown) compared to the trimer case. Thus we predict that the force-clamp technique can probe folding pathways of free Ub if one uses either the single domain with the C-terminus anchored, or the multi-domain construction.
Although fixing one end of the trimer does not influence folding pathways of individual secondary structures, it affects the folding sequencing of individual domains (Fig. 7) . We have the following sequencing (1, 3) → 2, 3 → 2 → 1 and 1 → 2 → 3 for the free-end, Nterminal fixed and C-terminal fixed, respectively. These scenarios are supported by typical snapshots shown in Fig. 7 . It should be noted that the domain at the free end folds first in all of three cases in statistical sense (also true for the two-domain case). As follows from the bottom of Fig. 7 , if two ends are free then each of them folds first in about 40 out of 100 observations. The middle unit may fold first, but with much lower probability of about 15%. This value remains almost unchanged when one of the ends is anchored, and the probability that the non-fixed unit folds increases to ≥ 80%.
As shown by experiments [20] and simulations [14, 27] , one can use the dependence of refolding times, τ F , on the quenched force to find the distance between the denaturated state and transition state, x f , along the end-to-end distance reaction coordinate. Namely, in the
F is the folding time in the absence of the external force. Then from Fig. 8 we obtain x f = 0.74 ± 0.07 nm for the three-domain Ub. Within the error bars this value coincides with x f = 0.96 ± 0.15 nm obtained by the same Go model for the single Ub [14] , and with the experimental result x f ≈ 0.80 nm [20] .
Our results suggest that the multi-domain structure leaves x f almost unchanged.
C. Is the effect of fixing one terminus on refolding pathways universal?
We now ask if the effect of fixing one end on refolding pathway, observed for Ub, is also valid for other proteins? To answer this question, we study the single domain I27 from the muscle protein titin. We choose this protein as a good candidate from the conceptual point of view because its β-sandwich structure (see Fig. 9a ) is very different from α/β-structure of Ub. Moreover, because I27 is subject to mechanical stress under physiological conditions [46] , it is instructive to study refolding from extended conformations generated by force.
There have been extensive unfolding (see recent review [47] for references) and refolding [27] studies on this system, but the effect of one-end fixation on folding sequencing of individual secondary structures have not been considered either theoretically or experimentally.
As follows from Fig. 9b , if two ends are free then strands A, B and E fold at nearly the same rate. The pathways of the N-fixed and C-fixed cases are identical, and they are almost the same as in the free end case except that the strand A seems to fold after B and E. Thus, keeping the N-terminus fixed has much weaker effect on the folding sequencing as compared to the single Ub. Overall the effect of anchoring one terminus has a little effect on the refolding pathways of I27, and we have the following common sequencing
for all three cases. The probability of observing this main pathways varies between 70 and 78% (Fig. 9e) . The second pathway, D → (A,A',B,E,G) → (F,C), has considerably lower probability. Other minor routes to the folded state are also possible.
Because the multi-domain construction weakens this effect, we expect that the forceclamp spectroscopy can probe refolding pathways for a single and poly-I27. More importantly, our study reveals that the influence of fixation on refolding pathways may depend on the native topology of proteins.
V. SOME PROBLEMS OF UNFOLDING OF UBIQUITIN
A. Estimation of x u and the unfolding barrier ∆G ‡ 
In experiments one usually uses the Bell formula [45]
Here ∆G ‡ is the unfolding barrier and ν = 1/2 and 2/3 for the cusp [48] and linear-cubic free energy surface [49] , respectively. Note that ν = 1 corresponds to the phenomenological Bell theory (Eq. 13). One important consequence, following from Eq. 14, is that one can apply this technique to estimate not only x u but also G ‡ for ν = 1/2 and 2/3. This will be done in this section for the single Ub and the trimer.
A.1. Single Ub: Using the Bell approximation, we have already estimated x u ≈ 2.4
A [14] which is consistent with the experimental data x u = 1.4 − 2.5Å [15, 16, 50] . With the help of an all-atom simulation Li et al. [51] have shown that x u does depend on f . At low forces, where the Bell approximation is valid [14] , they obtained x u = 10Å, which is noticeably higher than our and the experimental value. Presumably, this is due to the fact that these authors computed x u from equilibrium data, but their sampling was not good enough for such a long protein as Ub.
We now use Eq. 14 with ν = 2/3 and ν = 1/2 to compute x u and ∆G ‡ . The regions, where the ν = 2/3 and ν = 1/2 fits works well, are wider than that for the Bell scenario (Fig. 10 ). However these fits can not to cover the entire force interval. The values of τ 0 U , x u and ∆G ‡ obtained from the fitting procedure are listed in Table 1 . In accord with Ref. 29 all of these quantities increase with decreasing ν. In our opinion, the microscopic theory (ν = 2/3 and ν = 1/2) gives too high a value for x u compared to its typical experimental value [15, 16, 50] . However, the latter was calculated from fitting experimental data to the Bell formula, and it is not clear how much the microscopic theory would change the result.
In order to estimate the unfolding barrier of Ub from the available experimental data and compare it with our theoretical estimate, we use the following formula
where τ 0 U denotes the unfolding time in the absence of force and τ A is a typical unfolding prefactor. Since τ A for unfolding is not known, we use the typical value for folding τ A = 1µs [52, 53] [15] is that pulling Ub at different positions changes x u drastically. Namely, if the force is applied at the C-terminal and Lys48, then in the Bell approximation x u ≈ 6.3Å, which is about two and half times larger than the case when the termini N and C are pulled. Using the allatom model Li and Makarov [51] have shown that x u is much larger than 10Å. Thus, a theoretical reliable estimate for x u of Lys48-C Ub is not available. Our aim is to compute x u employing the present Go-like model [26] as it is successful in predicting x u for the N-C Ub. Fig. 10 shows the force dependence of unfolding time of the fragment Lys48-C when the force is applied to Lys48 and C-terminus. The unfolding time is defined as the averaged time to stretch this fragment. From the linear fit (ν = 1 in Fig. 10 ) at low forces we obtain x u ≈ 0.61 nm which is in good agreement with the experiment [15] . The Go model is suitable for estimating x u for not only Ub, but also for other proteins [58] because the unfolding is mainly governed by the native topology. The fact that x u for the linkage Lys48-C is larger than that of the N-C Ub may be understood using our recent observation [58] that it anti-correlates with the contact order (CO) [59] . Defining contact formation between any two amino acids (|i − j| ≥ 1) as occuring when the distance between the centers of mass of side chains d ij ≤ 6.0Å(see also http : //depts.washington.edu/bakerpg/contact order/), we obtain CO equal 0.075 and 0.15 for the Lys48-C and N-C Ub, respectively. Thus, x u of the Lys48-C linkage is larger than that of the N-C case because its CO is smaller. This result suggests that the anti-correlation between x u and CO may hold not only when proteins are pulled at termini [58] , but also when the force is applied to different positions. Note that the linker (not linkage) effect on x u has been studied for protein L [60] . It seems that this effect is less pronounced compared the effect caused by changing pulling direction studied here. We have carried out the microscopic fit for ν = 1/2 and 2/3 ( Fig. 10) . As in the N-C Ub case, x u is larger than its Bell value. However the linkage at Lys48 has a little effect on the activation energy ∆G ‡ (Table 1) .
A.3. Determination of x u for the three-domain ubiquitin
Since the trimer is a two-state folder (Fig. 2c) , one can determine its averaged distance between the native state and transition state, x u , along the end-to-end distance reaction coordinate using kinetic theory [29, 45] . We now ask if the multi-domain structure of Ub changes x u . As in the single Ub case [14] , there exists a critical force f c ≈ 120pN separating the low force and high force regimes (Fig. 10) . In the high force region, where the unfolding barrier disappears, the unfolding time depends on f linearly (fitting curve not shown) as predicted theoretically by Evans and Ritchie [61] . In the Bell approximation, from the linear fit ( Fig. 10) we obtain x u ≈ 0.24 nm which is exactly the same as for the single Ub [14] . (Fig. 10) , are presented in Table 1 . For both ν = 1/2 and ν = 2/3, ∆G ‡ is a bit lower than that for the single Ub. In the Bell approximation, the value of x u is the same for the single and three-domain Ub but it is no longer valid for the ν = 2/3 and ν = 1/2 cases. It would be interesting to perform experiments to check this result and to see the effect of multiple domain structure on the free energy landscape.
B. Dependence of unfolding force of single Ub on T .
Recently, using the improved temperature control technique to perform the pulling experiments for the single Ub, Yang et al. [28] have found that the unfolding force depends on T linearly for 278 K ≤ T ≤ 318 K, and the slope of linear behavior does not depend on pulling speeds. Our goal is to see if the present Go model can reproduce this result at least qualitatively, and more importantly, to check whether the linear dependence holds for the whole temperature interval where f max > 0.
The pulling simulations have been carried at two speeds following the protocol described in II: Model. Fig. 11a shows the force-extension profile of the single Ub for T = 288
and 318 K at the pulling speed v = 4.55 × 10 8 nm/s. The peak is lowered as T increases because thermal fluctuations promote the unfolding of the system. In addition the peak moves toward a lower extension. This fact is also understandable, because at higher T a protein can unfold at lower extensions due to thermal fluctuations. For T = 318 K, e.g., the maximum force is located at the extension of ≈ 0.6 nm, which corresponds to the plateau observed in the time dependence of the end-to-end distance under constant force [14, 18] .
One can show that, in agreement with Chyan et al. [50] , at this maximum the extension between strands S 1 and S 5 is ≈ 0.25 nm. Beyond the maximum, all of the native contacts between strands S 1 and S 5 are broken. At this stage, the chain ends are almost stretched out, but the rest of the polypeptide chain remains native-like.
The temperature dependence of the unfolding force, f max , is shown in Fig. 11b As evident from Fig. 11c , the dependence of f max on T ceases to be linear for the whole temperature interval. The nonlinear temperature dependence of f max may be understood qualitatively using the simple theory of Evans and K. Ritchie [61] . Assuming the Bell Eq.13 for the unfolding time and a linearly ramped force f = K r vt (see II: Model) the unfolding force is given by f max =
. A more complicated microscopic expression for f max is provided in Ref. 29 . Since τ 0 U is temperature dependent (x u also displays a weak temperature dependence [62] ), the resulting dependence should be nonlinear. This result can also be understood by noting that the temperatures considered here are low enough so that we are not in the entropic limit, where the linear dependence would be valid for the worm-like model [63] . The arrow in Fig. 11c separates two regimes of the T -dependence of f max . The crossover takes place roughly in the temperature interval where the temperature dependence of the equilibrium critical force changes the slope (Fig. 2) . At low temperatures, thermal fluctuations are weak and the temperature dependence of f max is weaker compared to the high temperature regime. Thus the linear dependence observed in the experiments of Yang et al. [28] is valid, but only in the narrow T -interval.
VI. CONCLUSIONS
We have adapted the standard temperature RE method to the case when the force replicas are considered at a fixed temperature. One can extend the RE method to cover both temperature and force replicas, as has been done for all-atom simulations [64] where pressure is used instead of force. One caveat of the force RE method is that the acceptance depends on the end-to-end distance (Eq. 8 and 9), and becomes inefficient for long proteins. We can overcome this by increasing the number of replicas, but this will increase CPU time We have demonstrated that the anchoring of one terminal has a minor effect on refolding pathways of I27. This is probably due to the rigidity of its β-sandwich structure. It would be interesting to check if this conclusion holds for other β-proteins. The question of to what extent the force-clamp technique is useful for predicting pathways for α-proteins is left for future studies.
We have shown that, in agreement with the experiment of Carrion-Vazquez et al. [15] , the Lys48-C linkage changes x u drastically. From the point of view of biological function, the linkage Lys63-C is very important, but the study of its mechanical properties is not as interesting as the Lys48-C because this fragment is almost stretched out in the native state.
Similar to titin and RNA, x u and ∆G ‡ are sensitive to the parameter ν, and one has to be very careful in the interpretation of experimental data. When comparing theoretical results with experiments, the same fitting procedure should be used. The weak inter-domain interaction has a negligible effect on x u in the Bell approximation, but changes become substantial in the nonlinear approximation (ν = 1/2 and 2/3). refer to the microscopic theory (Eq. 14). For comparison we show also the data for the single Ub which are taken from our previous work [14] . For the single and three-domain Ub the force is applied to both termini. In the bottom we show the probability of refolding pathways for three cases. Its value is written on the top of histograms. Each value is written on top of the histograms. states, x u ≈ 0.24 nm. The same value of x u was obtained for the single Ub [14] . In the case when we pull at Lys48 and C-terminal of single Ub the linear fit (black line) at low forces is y = 11.963 − 0.168x and x u = 0.61 nm. The correlation level of fitting is about 0.99. The red and blue curves correspond to the fits with ν = 1/2 and 2/3, respectively (Eq. 14). 
